Abstract-The European Union plans to include an energy efficiency binding target in addition to the renewable energy and CO2 emissions targets. This would be the third binding target in the Climate and Energy Package. In this paper, we develop a requisite framework to study interactions arising from the combination of instruments aiming at reducing emissions, promoting renewable energy production and reducing energy demand through energy efficiency investments. The model allows for the exact assessment of the instruments interactions for quantities and prices. All studied instruments lead to emissions reductions. Moreover, a carbon price tends to give the right incentives for renewable energy and energy efficiency objectives as well. Contrary to these expected positive outcomes, we find that the combination of more than two instruments leads to significant antagonisms regarding major policy objectives.
I. INTRODUCTION
The European Union (EU) has developed a climate and energy strategy with multiple objectives. Energy supply plays a central role in this strategy, not only for energy security concerns but mainly because it represents the largest opportunity for greenhouse gases (GHG) emissions mitigation. According to UNFCCC data [20] , the combustion of fossil fuels makes up for 88 % of total EU GHG emissions.
The EU implemented in 2009 the Climate and Energy Package (CEP), aiming at (i) cutting GHG emissions by 20 % compared to 1990 levels, (ii) producing 20 % of its energy from renewable sources by 2020 [15] , [16] , [17] and (iii) increasing energy efficiency by 20%. This last objective is not binding. Therefore, the EU plans to release a Directive on energy efficiency including binding measures for energy consumption reductions, among others [18] , [19] . The CEP strengthens the European Emissions Trading Scheme (ETS), designed to share emissions reduction efforts among member states. For renewable energy, objectives are set at the state level, and most member states use a feed-in-tariff to reach it. Energy efficiency legislation is sector-oriented, due to the scattered nature of energy savings. Current legislation focuses on energy-intensive sectors such as buildings, manufacturing, energy transformation and transport.
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efficient. The so-called Tinbergen rule [13] states that policymakers should introduce an instrument for each objective to avoid a trade-off that would favor one objective over another. Besides parallel achievement of different objectives, the joint implementation of policy instruments has been justified on several grounds:
• Induced technical change may be higher for some options than for others, justifying specific support [8] .
• The combination of inertia in technology deployment and imperfect foresight can justify implementing more costly options before the full potential for cheaper options is exhausted [7] .
• Some market failures, regulatory failures or behavioural failures may reduce the economic efficiency of marketbased instruments, justifying additional instruments to tackle them [4] .
Regarding the CEP, the overlapping of policy instruments is supported by two alternative arguments. The first one places the climate mitigation objective as the main driver of economic changes, and other instruments are aimed at tackling the European ETS market failures. In this view, energy efficiency and renewable energy policies reduce knowledge-based and technology-based failures of specific low-carbon technologies. In the second view, several objectives are considered simultaneously. Reaching 20 % of renewable energy production and 20 % of energy consumption reductions are important as such because of additional benefits they bring along (e.g. local employment or the alleviation of energy security concerns). Yet, regardless of the adopted view, the interactions between European climate and energy policies are inevitably significant, given the high degree of interdependence between emissions, energy production sources and energy consumption reductions.
In the literature, several approaches are used to study interactions. Some authors try to classify interactions in different manners, mostly on the basis of effect on expected outcomes, scope and governance [11] , [12] . Other analyze and sometimes try to quantify those effects, using analytical or numerical models [9] , [10] , [1] . A last category of papers uses a sectoral approach to highlight interaction, mainly in the electricity generation sector [14] , [3] .
Traber and Kemfert [14] develop a quantitative electricity market model with all major European power producers that accounts for oligopolistic behavior, emissions trading, and restricted cross-border transmission capacities. They decompose the impact of the introduction of a feed-in tariff in Germany to the European ETS and quantify the effects on end-user and wholesale price, on emissions and market-power of European firms. Fischer and Preonas [3] develop a static partial equilibrium analytical framework enabling to analyze variations in quantities and prices when various policies are combined. In an application to the American electricity sector, they discuss adverse effects of the addition of an emissions cap or a renewable quota to a set of price-instruments (carbon tax, renewable subsidy or fossil fuel tax). Their study shows that overlapping price-instruments with an emissions cap can lead to the development of relative dirty technologies (as first described in [2] ). In addition they show that when price instruments are combined to a renewable portfolio standard (RPS), any additional taxation of fossil energy will lower generation from renewable sources because of the market share constraint of the RPS.
Most approaches tend to focus on graphical or qualitative approaches, or on specific interactions between two instruments, often the EU-ETS and an instrument promoting renewable energy. A comprehensive microeconomic approach of interactions between three objectives and three instruments is still lacking. This paper helps bridging the gap by analyzing interactions between all objectives of the Climate and Energy Package. We complement the previous approaches, more governance-oriented, by giving formal microeconomic definitions and analytical demonstrations of interaction effects. While simple on purpose, as it focuses on a deterministic, static partial equilibrium framework, we believe our methodology is a valuable tool to compare and assess effects of multiple instruments of the European climate and energy policy, in a context where binding targets may be voted for energy consumption reductions.
Section II presents the model framework and analyzes interaction terms arising from the combination of several climate and energy policy instruments in several policy mix scenarii. Sections III and IV discuss the results and conclude.
II. A MINIMAL MICROECONOMIC FRAMEWORK TO ANALYZE POLICY INTERACTIONS

A. Model framework
Two fully substituable energies are combined to satisfy an exogenous demand in energy (D): the energy from fossil fuels (f ) and the energy from renewable sources (r). This energy (in Joules or in MWh), is assumed to be consumed through a non-specified energetic vector, for instance electricity, in order to satisfy a service such as lighting, transportation or heating. The demand can be reduced by an amount e through energy efficiency investments. This reduction refers to the production of the same energy service with a different efficiency. For instance, it can be the electricity savings following a switch to energy savings bulbs or a switch to an A+ labeled appliance. These reductions do not refer to sufficiency behaviors, where end-users adapt their consumption to price or specific programs. For a detailed discussion on the differences between efficiency and sufficiency, see [5] , [6] . Sufficiency is represented by the decreasing slope of the net demand function. It represents all energy savings behavior components unrelated to technological improvement and which cannot be easily subsidized. Gross demand D is defined by a function decreasing with the wholesale price p (thus D (p) ≤ 0). Demand is met according to following equation:
The cost of producing energy from the two different sources (C f and C r ) is assumed to be in both cases growing and
where
. Decreasing returns can be justified by the adopted static framework. With a given technology mix and production capacity, each energy producer uses first the most efficient installations and moves gradually to costlier ones, according to merit order. Energy savings are provided by investments in energy efficiency, assumed to have also decreasing returns with respect to the energy savings, so for the same reason C e (e) ≥ 0 and C e (e) > 0.
We consider four policy mix scenarii (cf. Table I) , including an instrument promoting energy efficiency, an instrument limiting GHG emissions and a renewable energy subsidy (ρ) (for instance a feed-in tariff). Energy efficiency promoting instruments include a subsidy (ε) and a quantitative energy efficiency target (A) as in the French white certificate scheme, where participants must provide a certain amount of certificate at the end of each period. GHG limiting instruments include a carbon tax (φ) and a cap-and-trade system . As we model a perfect market in a world without uncertainty, this latter is equivalent to a tax equal to the price of emissions permits. We therefore limit our study of scenarii including a cap-andtrade system to the interactions between renewable energy and energy efficiency instruments with the certificate price.
The two energies and the energy-efficient good to reduce demand are produced by representative producers, assumed to be price-takers and satisfying the following symmetric profitmaximization programs:
with f, r, e ≥ 0 and p the wholesale price. In this setting, the price is the wholesale market price. It comprises neither price instruments nor the public cost of the policy. For simplicity, we consider energy efficiency as an energy good. It means that we only consider the final savings of efficient goods and tune the cost curve accordingly. Considering energy efficiency in this way allows the development of a quasi-symmetric framework useful to apprehend interaction effects. The cost function C e (e) thus gives the portion of the total cost of a given efficient good corresponding to the energy savings.
B. Scenario T-S: carbon tax and energy efficiency subsidy
We compute the total differentials of the market equilibrium equations derived from the first-order conditions of the profitmaximization programs (2), (3), (4) and the demand constraint (1). It results in following system allowing us to study instantaneous and infinitesimal variations of wholesale price, energy quantities and energy savings around the equilibrium:
(6) dr = (dp + dρ) /C r (r) (7) de = (dp + dε) /C e (e)
Solving this system for df , dr, de and dp, gives following equations, describing variations in wholesale price, energy quantities and energy savings as a function of the various policy changes:
where η i ( with i ∈ {f, r, e}) is defined as η i = 1 C i ≥ 0 and corresponds to the derivative of the inverse supply function with respect to price η i = 1/C i (q) = (C −1 i ) (p + α i ) for both energy types and the energy savings, with α i referring to price instruments (α i ≤ 0 for taxes and α i ≥ 0 for subsidies). The inverse supply function corresponds to the marginal cost curve if we consider a pure competition framework with pricetaking producers. η D is defined as η D = −D (q) ≥ 0 in order to have a positive variable and facilitate the comparison with marginal cost curve derivatives.
In (9), (10), (11) and (12), the coefficient of policy variables dφ, dρ and dε corresponds to the partial derivatives of respective quantity or price variables with respect to corresponding policy variable. For instance, in (9) , the coefficient of dφ corresponds to the partial derivative of fossil production with respect to carbon tax,
. It corresponds to the variation of fossil production when the carbon tax is changing. df dr de dp In this example, the partial derivative is negative, meaning that increasing the carbon tax reduces energy production from fossil fuel at equilibrium. This is due to several effects. Increasing the tax increases the marginal cost of producing energy from fossil fuel. This increase shifts the supply curve C −1 f (p−φ) downwards (because it is an increasing function), raising the price at equilibrium. This shift is characterized by expression −η f η D in (9), corresponding to the product of fossil energy supply curve and the opposite demand curve. An increase in φ will also have an effect on η f itself, indirectly changing the slope of the supply curve. If C f is increasing with respect to production, the partial derivative of the fossil energy supply curve with respect to carbon tax is negative:
≤ 0. The decreasing slope of the supply curve adds up to the downward shift.
An increase in φ also reduces the relative cost of renewable energy and energy savings compared to energy from fossil fuel. The change in relative costs induces a substitution between fossil energy and the two other energy options, renewable energy and energy efficiency. This substitution is characterized by expressions −η f η r and −η f η e in (9) . The analogous expressions can be found in (10) and (11) . All above effects are tempered by the sum of all supply curves and the demand curve. The substitutions and this tempering can be seen as a first effect of instrument combination. Table II summarizes the signs of the partial derivatives of both energy types (f, r), energy savings (e) and market price (p) with respect to the policy instrument levels (φ, ρ and ε). For instance, a − sign on the intersection of column df and line dφ means that ∂f ∂φ is negative, an increase in φ comes with a decrease in f at equilibrium. The rate of variation of the market price is negative with respect to subsidies ρ and ε because we do not consider the funding of those policy instruments.
Equations (9), (10), (11) and (12) can also be interpreted as a whole, interpreting the effect on price or production of a combined change of two separate instrument levels. A simultaneous increase of φ, ρ and ε will have negative effects on fossil energy production that add up. Similarly, an increase in both φ and ε will have two positive effects on energy savings that add up. By contrast, an increase in both ρ and ε will have an ambiguous effect on renewable production, as the two effects have opposite signs. In this framework, we can give following definitions: Definition 1 (synergy). Two policy instruments are in synergy with respect to a given variable (like production or price) when the partial derivative of this variable with respect to the policy instruments have the same sign.
Definition 2 (antagonism). Two policy instruments are in synergy with respect to a given variable (like production or price) when the partial derivative of this variable with respect to the policy instruments have opposite sign.
Here, subsidies for renewable energy and energy savings are antagonistic for renewable production and energy savings. A simultaneous increase in the level of the subsidies will result in an ambiguous effect on renewable production and on savings resulting from energy efficiency. Similarly, the carbon tax and the subsidy for either renewable production or energy savings are in synergy for respectively either renewable production and emissions reductions or energy savings and emissions reductions. They are antagonistic for respectively either energy savings and emissions reductions or renewable production and emissions reductions. Table II shows also that subsidies for renewable production and energy savings are in synergy with respect to the wholesale price, as both tend to reduce it, whereas there is an antagonism between those instruments and the carbon tax with repsect to the wholesale price. This is due to the fact that for simplicity we did not consider the impact of price instruments on the public finances.
C. Scenario T-Q: carbon tax and energy efficiency target
In this scenario, the subsidy on energy efficiency is replaced by a quantitative target. To represent an energy efficiency target, we assume that all accountable reductions are made through energy efficiency investments. This is true for instance for the French white certificate scheme, where certificate are issued on the basis of standard procedures such as the replacement of an appliance.
For simplicity, we therefore display an energy efficiency target as a demand reduction requirement e , corresponding to a certain percentage of total consumption A.
In the equations, all goods are linked by the quota constraint: e = A D(p) = A(f + r + e). Totally differentiating this constraint, the system to solve becomes: dp = (df + dr + de) /D (p) (13) df = (dp − dφ) /C f (f ) (14) dr = (dp + dρ) /C r (r) (15)
The system is resolved with following outcome:
df dr de dp dε 
This result can be analyzed in the same way as the previous one. In (17) , (18), (19) and (20), the coefficients of dφ, dρ and dA correspond to the partial derivatives of price and quantities with respect to the policy instrument. Compared to scenario T-S, the addition of a consumption reduction quota simplifies the system by removing some of the substitutions. This is due to the additional constraint, linking the energy savings to total demand, and reducing the number of variables in the system. With this binding constraint, the variations of e are due to the variation of the global energy demand, and can be seen as a shift along the demand curve (expressions (A η f η D ) and (−A η r η D ) in (19) ). This effect is tempered by some substitutions between e and r, and between e and f , at a level depending on the relative slopes of inverse demand functions. Equations (17) and (18) thus display only one substitution term, similar to the corresponding one in (19) . The addition of a consumption reduction quota affects the slope of the demand curve. The quota permanently reduces the demand and η D is replaced by (1 − A)η D . This change of the demand curve slope has an effect on energy production when the quota A is moving. An increase in the quota level rises the energy savings compared to renewable and fossil energy productions ( ∂f ∂A ≤ 0 and ∂r ∂A ≤ 0). The effect on the wholesale price follows this move of the demand curve and decreases too, at a rate proportional to BAU demand (i.e. the demand without the savings). Table III summarizes the signs of rates of variations of both energy types (f, r), energy savings (e), market price (p) and certificate shadow price (ε) with respect to policy instrument levels (φ, ρ and A). The certificate shadow price is defined in the next section. Results are comparable as those presented in Table II . The effects of a small change in the quota A have the same sign than the effects of a change in energy savings subsidy in the previous section. The magnitude of these effects changes however, depending this time on the absolute level of demand. In addition to antagonisms and synergies highlighted in Table II , we show here the counteracting effects of respectively renewable subsidy and carbon tax or energy savings subsidy and carbon tax on the certificate price ε (as described in section II-D).
D. Scenario T-Q: effects on the energy efficiency certificate price (ε)
With a consumption reduction quota, ε becomes a shadow price, that is an indication of the price of a white certificate if the consumption reduction quota is backed by a certificate market. It can be seen as an addition to the wholesale price for the energy savings, in order to help them become competitive compared to energy production. Formally, it corresponds to the spread between the wholesale price p and the marginal cost of energy savings C e . Replacing de, df, dr in the quota constraint (16) and solving for dε gives:
Changes in the carbon tax or the renewable subsidy will cause some substitutions between fossil and renewable energy, and move the equilibrium price. An increase in renewable subsidy dρ will raise the certificate price, by increasing the spread between wholesale price and marginal cost of energy savings. On the contrary, the carbon tax, by raising the wholesale price p decreases this spread and causes the certificate price to fall. A change in the quota level dA first moves the demand curve, causing the wholesale price to drop, and consequently the certificate price to raise. Second, it causes the relative share of the energy savings to raise compared to renewable and fossil energy, leading to an increase of the marginal cost of energy savings, and thus an increase in ε. It is noteworthy that when an energy efficiency quota is in place, the energy savings cost curve has no impact on the equilibrium any more.
E. Scenarii C-S and C-Q: addition of energy efficiency instruments to a CO 2 cap
This framework also allows to analyze impacts of instrument combination on the ETS permit price. In order to do so, we assume the cap is binding, and thus emissions and fossil production are fixed: df = 0. In this setting, φ becomes the shadow price of the emissions constraint, equal to the absolute value of the spread between market price and the marginal cost of producing energy from a fossil fuel. φ can be interpreted as a proxy of the ETS permit price.
1) Scenario C-S: CO 2 cap and EE subsidy: By substituting df from (9) and resolving for dφ, we obtain:
We see that an increase in either the renewable or the energy savings subsidy has a negative impact on the emissions permit price, weighted by a ratio denoting the substitution between fossil energy and alternatives to fossil energy when they are subsidized. When for instance renewable energy is subsidized, it increases its market share compared to fossil energy. This reduces the burden on fossil energy producers, it is less costly to comply with the emissions quota and the permit price drops.
This result illustrates the recent debate about the necessity to "set aside" some of the emissions permits in parallel of implementing energy-efficiency measures, in order to prevent the carbon price to collapse. An increased objective on renewable energy production or energy savings would put a downward pressure on carbon price, weakening the price signal given to the whole economy.
2) Scenario C-Q: CO 2 cap and EE quota: With an energy savings quota, dφ can be derived from (17), giving following equation:
The results are comparable to the situation with only price instruments. An increase in the energy savings quota will have a negative influence on the emissions permit price. This time only, the magnitude of the influence is proportional to total demand and not the slope of the curve, resulting in a potentially larger effect on permit price.
III. SUMMARY OF RESULTS AND DISCUSSION
Regarding the primary objective of the European climate and energy strategy, namely the reduction of GHG emissions, the model shows that all the instruments considered unequivocally reduce fossil energy consumption and therefore associated GHG emissions (see Tables II and III ). The impact of the different instruments on the wholesale price is however variable. If the impact on public finance is overlooked and no charge is put on end-users, a carbon tax will raise the price with the emissions reductions whereas renewable and energy savings subsidies lower it.
The interaction between emissions permit price and subsidies for renewable energy production or energy savings is shown to be negative. At equilibrium, the two subsidies reduce the emissions permit price. If the existence of a significant emissions price is considered an objective in itself, this could lead to a serious loss of global efficiency for the policy package on the long term. The perspective of a strengthening of the renewable production objective or the energy efficiency target has already had a negative impact on the forward ETS price. As widely discussed in the press and the economic literature, a set-aside of some of the emissions permits would be a way to keep the market under pressure and would help reduce regulatory uncertainty about future levels of CO 2 price.
Regarding all objectives of the Climate and Energy Package, the model shows that a carbon tax promotes at the same time the reduction of fossil energy consumption, the development of renewable energy and consumption reductions through energy efficiency investments. In the presence of substantial objectives for renewables and energy savings, this instrument may however not be sufficient. It only ensures renewable energy and consumption reductions evolve in the right direction, not that they will reach a specified target. Instruments specifically promoting renewables and energy efficiency have to be added to the system to ensure renewable production is above and energy consumption below targeted levels. When they are implemented together, the two subsidies have however opposite effects on productions and tend to reduce the absolute level of each other.
We give a formal definition of synergistic and antagonistic effects in the model. Two policy instruments have antagonistic effects with respect to a given variable (like production or price) when their partial derivative with respect to this variable have opposite signs. Two policy instruments are in synergy when those partial derivatives have the same sign. When they are implemented together, a carbon tax, a renewable subsidy and an energy savings subsidy have antagonistic effects with respect to market price. The two subsidies are antagonists with respect to renewable production and energy savings. The promotion of renewables comes at the expense of energy savings promotion and conversely.
According to the model, the addition of a consumption reduction quota or a white certificate scheme has, as one could expect, positive effects on the demand, by reducing the net demand curve and reducing its slope. By reducing the net demand, the energy savings quota reduces the need for fossil energy (and thus GHG emissions) and reduces the market price. Moeover an energy efficiency quota reduces the slope of the net demand curve. But energy efficiency investments are in competition with renewables and in the model, an increase of the quota comes with a decrease in renewable production at equilibrium. Furthermore, an increase of the consumption reduction quota is followed by a decrease in carbon price. This decrease is proportional to total demand, resulting in a potentially large effect on permit price.
Since the model is static, it overlooks important dynamic effects such as inertia or technical change. Yet, in the energy sector, a static analysis makes sense for several reasons. First, the capital-intensive nature of the energy sector, coupled with the imperfections in investors' expectations stresses the importance of short-term signals for investment decisions. Regulatory uncertainty is perceived as a major risk for investors, thus un-derstanding interaction between those signals at the investors' time scale is crucial. Moreover, long-term signals emerge from the interactions of short-term effects, and most analysis dealing with optimal mix of energy sources implicitly assume that short-term marginal costs equal longterm maginal costs.
Another major assumption of the model is the perfect subsituability between renewable energy and energy efficiency. This is true with regards to some objectives, such as meeting the energy demand , the reduction of fossil fuel consumption or the reduction of GHG emissions. Being in the top-priority list of the EU strategy, linking those policies and the targets associated stands to reason. To be fully effective, policies such as the improvement of energy security or the fight against climate change should consider all antagonistic effects of a simultaneous promotion of energy efficiency and renewable energy or develop a single instrument to reach its objective with less risks and less uncertainty.
However, in many other aspects, renewable energy and energy efficiency are rather complementary. Renewables are supply-side oriented whereas energy efficiency has a huge potential on the end-user side. Energy savings often mingle technology-based energy efficiency improvements with behavioral-based energy sufficiency improvements. While both tend to save energy, their promotion is obviously very different in nature, involving information campaigns and indirect incentives in the latter case. The promotion of technologybased energy efficiency can also take many forms, ranging from R&D subsidies to training programs for building sector workers or cross-incentive reductions.
IV. CONCLUSION
In order to analyze interaction effects between instruments of the European Climate and Energy Package, we develop in this paper a stylized analytical framework of the energy sector. This framework allows to compare and quantify interactions of various nature on prices and quantities. We use it to give a formal definition of synergistic and antagonist interaction effects. We discuss the potential effects of future mandatory instruments of the draft Energy Efficiency Directive. We show that regarding the objective of GHG emissions reductions all instruments are effective, but that major antagonisms arise when several objectives are considered concerning wholesale power price and emissions allowance price as well as renewable energy production and energy savings levels.
In a very broad sense, one instrument allows to control the absolute production of one energy type, but it only ensures that alternative energy types evolve in the right direction. Additional instruments are needed to control the absolute production from several energy sources at the same time, but at the expense of possible antagonisms between instruments. With three constraints, as considered in this model, it is possible to control the absolute production from three energy sources. The absolute level of price can be controlled, but at the expense of loosing the control on the production level from one energy source. In the existence of an objective on the energy price level (for distributional or political purpose for example) or on the carbon price, an additional constraint is necessary, but is likely to have a significant effect on welfare.
In our model, a single carbon price allows the reduction of fossil fuels. Additional measures are necessary to ensure renewable energy and energy consumption reductions are above targeted levels. Those additional measures reduce the efficiency of any instrument taken independently. Setting a price on renewable energy or energy efficiency promotion reduces the carbon price, and thus the incentive of carbon-free economy-wide investments (other than those promoted by the policies considered). The joint promotion of renewable energy and energy efficiency has antagonist effects by substituting renewables to energy savings and conversely. This corroborates current concerns about a future carbon price drop following the tightening of renewable or energy efficiency development objectives.
We also model the introduction of a quantitative binding consumption reduction target. We show that by reducing the net demand, the energy efficiency quota reduces GHG emissions and reduces the market price. This leads however again to antagonistic effects with instruments promoting renewables. Despite having several positive effects on its own (like lower dependency on energy imports, lower future capital-intensive investment needs and additional positive externalities such as local employment), a demand reduction instrument may not be compatible with other instruments in the Climate and Energy Package.
The existence of these interactions suggests the need for an integrated approach of climate and energy policy definition. The objectives have to be tuned together, and instrument levels have to be defined taking into account all other instruments. Put in other words, when adding a binding instrument to the existing climate and energy instrument pool, those existing instruments should be assessed and reviewed accordingly. If considered important, the price reduction objective, a European priority not so long ago (along with the energy markets liberalization), should also be integrated into the policy design process and should be adressed with a specific instrument.
Bearing in mind that the devils is in the details and that a detailed assessment of specific instruments have to be done, one should consider our methodology for assessing climate and energy policy packages at a macroeconomic level.
